A sustainable synthetic procedure to convert furfural hydrazones into functionalised phthalimides was developed. The reaction was performed in a microwave using a hydrophilic ionic liquid, [bmim][Cl], as the solvent which could be readily recovered by a simple extraction. The ionic liquid was successfully recycled with no significant loss in product yields.
Introduction
Increasing awareness of the negative impact that the use of nonrenewable petrochemicals has on the environment has led the scientic community to investigate greener, more sustainable alternatives. For this reason, the use of biomass waste has been proposed as a potential feedstock for the generation of valuable chemicals and fuel. [1] [2] [3] [4] [5] Furfural and HMF can be obtained from lignocellulosic biomass through the acid-catalysed dehydration of sugars. 2, 3, 6 They have been reported as precursors to a number of valuable chemical products ranging from medicinally relevant compounds with furan scaffolds to cycloaddition products including poly-substituted benzenes. [4] [5] [6] [7] [8] [9] The use of furan and its derivatives in Diels-Alder cyclisations to access commodity aromatics (e.g. toluene, xylene, benzoic acid) has been widely investigated. 5, 10, 11 Although the cycloaddition-aromatisation reaction of furans represents an atom economical strategy, as well as a green route to aromatic compounds because it only releases water as a waste by-product, many of the procedures reported to date employ relatively harsh conditions such as high temperatures/pressures, or require a large excess of the furan to achieve high conversions. 4, 5, 10 Recently, procedures employing biomass-derived compounds in tandem with green solvents have been reported. 8, [12] [13] [14] [15] Amongst them, we developed a one-pot protocol for the synthesis of polysubstituted aromatic compounds from furfural in water. 4 This procedure is completely performed in water and avoids the use of any organic solvent in the extraction or purication steps. However, in some cases direct crystallisation of the product from the reaction mixture did not readily take place, and purication aer extraction with organic solvents was necessary. In addition, where substrates are poorly soluble in water the reaction does not proceed efficiently. In this new study, we wished to explore the development of a more general protocol applicable to more hydrophobic compounds using ionic liquids as the medium for the reaction.
Ionic liquids are recognized as new green solvents for chemical transformations, [16] [17] [18] because of their low volatility, compatibility with catalysts, ability to dissolve reactants, and their unique physical properties which oen enable them to catalyse organic reactions. 16, [19] [20] [21] Additionally, it has been reported that reactions in ionic liquids were efficiently accelerated by microwave heating because very rapid heating of IL to high temperatures was easily achieved. This advantage is mainly because of dipolar rotation and ionic conduction effects derived from the use of ionic liquids. [22] [23] [24] [25] [26] [27] [28] [29] [30] For example, we have recently demonstrated the successful utilisation of ionic liquids for; (i) depolymerisation of plastics, 31, 32 (ii) cellulolysis 33 34 The ultimate goal of this current study is to develop a sustainable route for the conversion of biomass waste to useful aromatic compounds using ionic liquids. Herein, we report the use of an ionic liquid, [bmim][Cl], as an alternative green solvent for the synthesis of substituted phthalimides from furfurals. We also demonstrate the recyclability of [bmim] [Cl] in the reaction.
A variety of hydrophilic (entries 1, 2, 7, 8) and hydrophobic (entries 3-6) ionic liquids were examined. We rst examined conventional heating of the reaction, but the reaction progressed slowly and the desired product 3a was obtained in only 32% yield (entry 1). To increase the reaction rate, microwave heating was employed. The IL [bmim] [BF 4 ] was found to be unsuitable for the reaction due to difficulties observed in the isolation of the product (entry 2), and the low recovery of the IL. We envisaged that [bmim][NTf 2 ] might be effective at mediating the reaction due to its high ionicity. 35, 36 Although [bmim][NTf 2 ] was found to give the best yield of 61% (entry 3), separation of the IL from the product was difficult because of its hydrophobicity, and this required copious washes with organic solvents, which was against the purpose of developing a sustainable environmentally friendly procedure. Similarly, [TMPA][NTf 2 ] and [PP13][NTf 2 ] resulted in good yields of 3a, but the recovery of the IL was not satisfactory (entries 4 and 5, respectively). The IL [DEME][NTf 2 ] was a poor solvent for the reaction with only 32% yield of the product obtained (entry 6). We then examined the hydrophilic ionic liquid [bmim] [Cl] . The reaction progressed well with microwave heating, and complete separation of the IL was accomplished by washing the organic layers three times with water, although the yield of 3a remained at 35% (entries 7). To improve the yield of 3a, we examined the use of freshly prepared hydrazone 1a. Compound 3a was then isolated in 83% yield without contamination of the IL (entry 8). Pleasingly, 99% of the IL was recovered aer the work-up. The product 3a was isolated by recrystallisation from an acetone/ water mixture without the need for chromatographic purication. It was considered that the lower yields initially observed during the formation of 3a could be attributed to contamination with N,N-dimethylaminohydrazine, liberated from hydrazone 1a on storage. Indeed, the cycloaddition reaction became sluggish when 10 mol% of dimethlhydrazine was added and the yield of compound 3a decreased to less than 10% ( Table 1 footnote d). We think that contamination with small amounts of N,N-dimethylhydrazine in ionic liquids could progress some other reactions, possibly conjugate addition to 2a, preventing the formation of 3a in high yield.
With satisfactory reaction conditions shown in Table 1 , entry 8, we examined the applicability of the reaction conditions to a variety of furfural hydrazone derivatives 1 and maleimides 2 (Scheme 1). The reaction gave good yields of phthalimide products with aliphatic-substituted maleimides (3b-3i), including many examples of highly hydrophobic compounds that are unsuitable for reactions in water. The Diels-Alder reaction between 1a and 2b in IL gave phthalidimide 3b in 94% yield along with a 96% recovery of [bmim] [Cl] . Longer aliphatic substituents on the maleimide were also tolerated, giving phthalimides 3c-3i in moderate to good yields. The reaction with a bulky maleimide such as 2k also progressed smoothly to give N-cyclohexylphthalimide 3k in 68% yield. Substituted benzyl maleimides similarly afforded the products 3m and 3n in excellent yields (94% and 97%, respectively). Note that the Nunsubstituted maleimide gave the cycloaddition product 3j in a good yield, which opens up the opportunity to further functionalisation at the nitrogen atom. N-Allyl substituted maleimide 2l underwent the cycloaddition to give the product 3l in 74% yield. We also examined the cycloaddition reaction using 5methylfurfural hydrazone 1b, giving 3p, 3q and 3r in reasonable yields.
Treatment of 5-bromofurfural hydrazone 1c with maleimide 2a and 2b resulted in the formation of phenol derivative 3s and 3t, respectively. During the formation of these compounds, elimination of hydrogen bromide instead of dehydration occurred to aromatise the adduct. Unfortunately, the yield of 3t remained low because of its water solubility which caused loss of the product during the extraction/washing procedure. To investigate the recyclability of the ionic liquids, we examined the reaction between furfural hydrazone 1a and Nethylmaleimide 2b further ( Table 2) .
The yields of 3b remained high in each of the ve experiments, and an excellent recovery of [bmim][Cl] was achieved each time. 1 H NMR spectroscopic data of the recovered IL indicated that the compound was identical to unused IL. These results clearly highlighted that [bmim][Cl] is stable under the reaction conditions used. Thus, the ionic liquids are useful for this conversion, and the efficient recovery and reuse of the ionic liquid is possible under these reaction conditions. Overall, a green conversion of furfurals into phthalimides using ionic liquids has been achieved.
Conclusions
We have developed a successful protocol employing recyclable ionic liquids for the synthesis of substituted phthalimides from furfurals. The reaction proceeds efficiently under microwave heating with products isolated via a simple work-up procedure requiring a minimal amount of solvent to recover the ionic liquid. The products were recovered by recrystallisation from an acetone/water mixture without the need for chromatographic purication. The recyclability of the ionic liquid was >95% with no loss in efficiency over ve cycles of use in the reaction. With such straightforward manipulations and the use of ionic liquids as a green solvent, the present protocol will contribute to the development of green chemical syntheses.
Experimental section

General methods
All reagents and solvents were purchased and used as supplied unless otherwise stated. All reactions were carried out under the atmosphere of nitrogen unless otherwise stated. All reactions were monitored by thin layer chromatography (TLC) or 1 H NMR spectroscopy. TLC plates used were pre-coated with silica gel 60 F254 on aluminium (Merck KGaA) and visualised by UV light (254 nm) or chemically stained (KMnO 4 ). Flash column chromatographic purication was performed using silica gel (Wako Co. Wakosil C-300). 1 H NMR and 13 C NMR spectra were recorded at 500 MHz (for 1 H) 125 MHz on JEOL lamda-500 or JNM-ECA 500 Delta2 at ambient temperature, unless otherwise indicated. Deuterated solvents used for NMR spectroscopic Scheme 1 Cycloaddition products (3b-3t) were synthesised in a microwave reactor at 100 C in 2 h with 1 g [bmim][Cl] as the solvent unless otherwise stated. The recovery of ionic liquid is >95% unless otherwise stated; a 1 g of IL used for 0.7 mmol of hydrazone and 1.5 eq. maleimide; b 2 g of IL used for 0.5 mmol of hydrazone and 1.0 eq. maleimide. 13 C NMR shis relative to TMS were calibrated using residual solvents peak. Infra-red spectra were obtained using a SHIMADZU FTIR-8400S spectrometer, all frequencies were given in reciprocal centimetres (cm À1 ). Melting points were measured on a YANACO MP-J3. High-resolution mass spectra were recorded on a JEOL JMS-T100LP mass spectrometer. Microwave heating was carried out using a SMW-087 microwave reactor, made by Shikoku Instrument Co. Ltd., 2.45 GHz, output 700 W, multimode. The reaction vessel (a 50 mL glass ask) was placed in the microwave oven (temperature was set at 100 C or 120 C). The reaction temperature was monitored by a thermocouple inserted into the reaction mixture and the reaction was stirred under microwave irradiation. Hydrazones 1 were prepared as described in the
A mixture of hydrazone 1a (96 mg, 0.70 mmol) and Nphenylmaleimide (182 mg, 1.05 mmol) in [bmim][Cl] (1.0324 g) was heated at 100 C for 2 h in a microwave. Water (20 mL) was added and the reaction mixture was extracted with EtOAc (3 Â 20 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water to obtain the product as a yellow solid (170 mg, 83%). The remaining water phase was concentrated and dried to recover the ionic liquid ( 4 4-((2,2-Dimethylhydrazino)methyl)-2-propylisoindoline-1,3dione 3c. A mixture of hydrazone 1a (55 mg, 0.40 mmol) and Npropylmaleimide (112 mg, 0.81 mmol) in [bmim][Cl] (1.8394 g) was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (75 mg, 73%). The remaining water phase was concentrated and dried to recover the ionic liquid ( [Cl] (2.01 g) was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (88 mg, 48%). The remaining water phase was concentrated and dried to recover the ionic liquid ( was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (79 mg, 52%). The remaining water phase was concentrated and dried to recover the ionic liquid ( [Cl] (1.083 g) was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (88.7 mg, 60%). The remaining water phase was concentrated and dried to recover the ionic liquid (1.029 g, 95% recovery was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (99 mg, 58%). The remaining water phase was concentrated and dried to recover the ionic liquid ( 4-((2,2-Dimethylhydrazino)methyl)-2-octylisoindoline-1,3dione 3h. A mixture of hydrazone 1a (99.7 mg, 0.72 mmol) and N-octylmaleimide (210 mg, 1.00 mmol) in [bmim][Cl] (1.012 g) was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (119.3 mg, 50%). The remaining water phase was concentrated and dried to recover the ionic liquid (0.958 g, 95% recovery).
Yellow solid; mp 50-51 C; n max (solid per cm) 2926, 1703, 1550; 1 [Cl] (2.00 g) was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (62 mg, 34%). The remaining water phase was concentrated and dried to recover the ionic liquid ( [Cl] (1.0085 g) was heated at 100 C by microwave irradiation for 2 h. Water (20 mL) was added and the reaction mixture was extracted with EtOAc (4 Â 20 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (81 mg, 53%). The remaining water phase was concentrated and dried to recover the ionic liquid (0.9180 g, 91% recovery). 2-Cyclohexyl-4-((2,2-dimethylhydrazono)methyl)isoindoline-1,3-dione 3k. A mixture of hydrazone 1a (45 mg, 0.33 mmol, 1.0 eq.) and N-cyclohexylmaleimide (88 mg, 0.49 mmol, 1.5 eq.) in [bmim] [Cl] (0.517 g) was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (3 Â 10 mL). The combined organic phase was washed with brine, dried over Na 2 SO 4 and ltered. The ltrate was concentrated to give a crude product which was recrystallised from water-acetone to give 3k as a yellow solid (67 mg, 68%). The remaining water phase was concentrated and dried to recover the ionic liquid (0.509 g, 98% recovery (20 mL) was added and the reaction mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (175 mg, 93%). The remaining water phase was concentrated and dried to recover the ionic liquid (0.9768 g, 97% recovery 2-Benzyl-4-((2,2-dimethylhydrazono)methyl)isoindoline-1,3dione 3m. A mixture of hydrazone 1a (100 mg, 0.70 mmol, 1.0 eq.) and N-benzylmaleimide (198 mg, 1.05 mmol, 1.5 eq.) in [bmim][Cl] (1.0015 g) was heated at 100 C by microwave irradiation for 2 h. Water (10 mL) was added to the reaction mixture and the resulting mixture was extracted with EtOAc (4 Â 10 mL). The combined organic phase was washed with brine, dried over Na 2 SO 4 and ltered. The ltrate was concentrated to give a crude product which was recrystallised from water-acetone to give 5c as a yellow solid (208 mg, 94%). The remaining water phase was concentrated and dried to recover the ionic liquid (0.9633 g, 96% recovery 4 4-((2,2-Dimethylhydrazono)methyl)-2-(4-methoxybenzyl)isoindoline-1,3-dione 3n. A mixture of hydrazone 1a (100 mg, 0.72 mmol) and N-4-methoxybenzylmaleimide (230 mg, 1.05 mmol) in [bmim] [Cl] (0.9541 g) was heated at 100 C by microwave irradiation for 2 h. Water (20 mL) was added and the reaction mixture was extracted with EtOAc (5 Â 10 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (229 mg, 93%). The remaining water phase was concentrated and dried to recover the ionic liquid (0.9395 g, 98% recovery). (1.0348 g) was heated at 100 C by microwave irradiation for 2 h. Water (20 mL) was added and the reaction mixture was extracted with EtOAc (3 Â 20 mL). The combined organic extracts were washed with water, brine, dried (Na 2 SO 4 ), ltered, and concentrated in vacuo. The residue was recrystallised from acetone and cold water and the product collected by suction-ltration as a yellow solid (208 mg, 89%). The remaining water phase was concentrated and dried to recover the ionic liquid (1.0327 g, >99% recovery Filtration and concentration of the ltrate gave the recovered ionic liquid, which was used for the synthesis of 3b again. The same procedure was repeated ve times.
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